Introduction
The two major European nuclear reprocessing facilities, Sellafield (United Kingdom) and La Hague (France), have totally introduced more than 5500 kg radioactive 129 I into their surrounding marine environments [1, 2] . The anthropogenic plumes were subsequently transported to most northern hemisphere marine reservoirs through both oceanic and atmospheric pathways, eventually leading to 1-6 orders of magnitude increase of 129 I/ 127 I ratio in the seawater compared to the pre-anthropogenic natural value [3] . The major marine 129 I reservoirs are the English Channel, the North Sea, the Nordic Seas and the Arctic Ocean and even the northern parts of the North Atlantic [4] [5] [6] [7] . However, the relatively high mobility and solubility of iodine in marine water suggest global scale transport through complex ocean currents and meteorological systems [8] [9] [10] . Therefore, in contrast to traditional investigated regions (i.e. Nordic Seas and the Baltic Sea), it becomes vital to broaden the study areas, particularly in the Atlantic Ocean that is south of the 60°N, in order to better monitor and investigate the environmental behavior of this radionuclide.
The major soluble species of iodine in seawater are iodate, iodide, and to a minor extent, organic iodine. Iodine is a redox sensitive element; iodide may sometimes appear as the dominant species in reducing environment aided by biological activities [11] . As an ideal oceanographic tracer, speciation analysis of 129 I provides a powerful tool for acquisition of information about sources and exchange of water masses in the ocean compared to using total 129 I alone. Furthermore, only few and scattered data exist on 129 I and its speciation in the marine environments south of the La Hague facility which make the region interesting for the understanding of applying the speciation approach for water mass identification. At the same time provides a comprehensive picture of environmental impact and radioactivity level.
We report here, the results of iodine isotopes and their species from the October 2010 surface water sampling accomplished during the icebreaker Oden sailing from to Sweden to the Antarctica. This sampling program was a part of 2010/2011 Antarctica two-ship expedition, which was an international scientific cruise jointly funded by the Swedish Polar Research Secretariat and the US National Science Foundation (NSF). Part of the expedition was aimed at investigating iodine isotopes ( 129 I and 127 I) and species of iodine (I -and IO 3 -) variability in surface water along transect from the North Sea through the English Channel and Northeastern Atlantic and some of the preliminary data have been published elsewhere [12] [13] [14] . The sampling transect covered the North Sea, the English Channel and the Northeastern Atlantic Ocean to the Canary Island (Fig. 1) . Although part of the data were published earlier, the complete transect data are reported here for the first time.
Experimental
A total of 80 surface seawater samples with volumes of 0.5-2.0 L were collected during October-November 2010. These samples were immediately in situ filtered before sealed and stored in laboratory under dark and cold conditions. Anion-exchange chromatography was used to separate iodide and iodate from seawater. Each filtered samples spiked with 250 Bq 125 I -tracer was loaded to the prepared anion exchange resin column (50-100 mesh, in NO 3 -form). After the seawater pass through, the column was washed with deionized water and 0.2 M NaNO 3 solution. The effluent was combined with the two washes for iodate extraction. The iodide fraction absorbed on column, however, was eluted with 60 ml of 5 % NaClO solution. 1 ml of solution was taken in each fraction for 127 I measurement using an X Series II ICP-MS (Thermal Electron Corporation).
Stable iodine (Woodward iodine, as a carrier) and chloroform was used for solvent extraction of iodine. Iodine was firstly reduced to iodide by adding 1.0 M Na 2 S 2 O 5 and 3.0 M HNO 3 , then oxidized to I 2 using 1.0 M NaNO 2 and extracted into CHCl 3 phase, followed by Na 2 S 2 O 5 solution to be back-extracted into water. Iodine in the separated solution (as I -) was precipitated as AgI and 129 I/ 127 I was then measured by AMS at the Tandem Laboratory, Uppsala University. 129 I standard NIST-SRM 4949C with an 129 I/ 127 I of 1.1 9 10 -11 was used in AMS determination.
Chemical recoveries of iodine in fractions during the procedures, measured by 125 I, were all above 70 %. All chemical reagents used were of analytical grade and all solutions were prepared using deionized water (18.2 MXÁcm -1
). The detection limit for 127 I calculated as 3 standard deviation of blank was 0.02 ppb and the total error is \3 % and the statistical error of the 129 I measurements was \ 7 % at one standard deviation.
Results

Total
I and species
The sampling locations, as well as the corresponding analytical results are shown in Fig. 2 . After around 50-fold increase in the North Sea, concentrations of 129 I along the transect exhibited a great drop, which decreased with more than four orders of magnitude afterwards, then leveled with some fluctuations from the Bay of Biscay to the Canary Islands. The average value of 129 I concentration for the entire transect was 7.28 9 10 10 atoms/L, where the highest value of 4.67 9 10 11 atoms/L appeared in the English Channel, while the lowest (4.3 9 10 7 atoms/L) occurred in the Northeastern Atlantic Ocean.
The ratios of iodide/iodate for 129 I were differed from that of total 129 I in the surface seawater samples. Relatively high values were observed in both the northern and southern parts of the transect. The highest values ([2.0) (Fig. 3) . These values are comparable to that observed in the Denmark Strait Overflow Water (DSOW) in 2001 [15] . The observation suggests that transport of 129 I to southward direction of the English Channel cannot be ignored, and it can be an important source that eventually influences more southerly part of the Atlantic Ocean derived by the North Atlantic Gyre.
Our results of iodine species were consistent with those of other investigations that suggest iodide enrichment in shallow coastal and estuarine areas [16] . Average iodide/ iodate value for 129 I in the North Sea was high (2.2), especially in the north part of the transect (Fig. 3) . The reason for the high iodide/iodate for 129 I in the North Sea is proximity to the iodide-rich releases from La Hague. However, some of the samples were collected at [120 km distant from the coastline, thus it was difficult to distinguish the source of iodide, whether it was locally produced or transported from the inshore regions. Fig. 3) . This pattern may reflect the more oligotrophic environment in these areas compared to the North Sea, since organic activity is considered one of the major drives for iodate reduction [17] . Besides, large discrepancy in the iodide/ iodate between the 129 I and 127 I along the entire transect illustrates different sources for the two isotopes, as well as a slow redox rate transfer between iodide/iodate pair in the open sea environment.
Tracer applications
The distribution of anthropogenic 129 I was used to trace mixing and circulation of water masses in the marine environment. Our results and those of other investigations clearly indicate a northeastward transport of 129 I from the English Channel and the North Sea [6, 18] . Iodine-traced water masses in the English Channel west of the La Hague implied a high rate of water masses mixing westward as indicated by dramatic and consecutive decrease in the average 129 I concentrations from about 400 9 10 8 , in the Channel, to 24 (Fig. 2) . These high 129 I and their corresponding iodide suggest different sources from north and south. In the north part of the Atlantic section, La Hague is the major source, thus the high peaks of 129 I -/ 129 IO 3 -represent 129 I speciation in the La Hague discharges after natural oxidation alternation. The peaks in the southern part of the transect, however, may attribute to influences of Mediterranean water parcels, which were likely carrying signals of the Marcoule facility releases. Thus, the occurrence of high 129 I and 129 I -/ 129 IO 3 -values probably reflect specific circulation of Mediterranean Overflow Water (MOW) in the Atlantic Ocean [12] . If this suggested explanation is correct, then 129 I and its speciation can potentially be applied as sensitive tracers to label MOW in the intermediate layer of North Atlantic. Moreover, the high 129 I -/ 129 IO 3 -levels of a Mediterranean origin may again confirm that the oxidation transformation of iodide to iodate is a rather slow process in the open ocean.
Environmental impact
The 129 I concentrations were 1-6 orders of magnitude above the estimated natural level (*4910 5 atoms/L) and more importantly, higher than 129 I level in the ocean surface water after aboveground nuclear weapons testing (*1910 7 atoms/L) [19] . This feature implied that contamination by anthropogenic 129 I has occurred through the whole transect of surface water analyzed here. The 129 I data reported here are also in agreement with ranges (Table 1) . This may partly relate to sampling location where some of the 2005 sampling locations were more close to coastline, where biochemical processes were more efficient, as well as fewer samples were collected in the English Channel. Additionally, changes of 129 I marine discharges and ocean currents budget in the English Channel-North Sea region can also affect the 129 I distribution. For comparison, 129 I in seawater samples reported in the English Channel in 1995 were 1-3 orders of magnitude lower than the ones reported here, suggesting a fast and dramatic 129 I accumulation in the English Channel in the past 20 years [21] .
In 2005, several seawater samples were collected in the Irish coast which indicated slightly higher 129 I concentration than the concentration reported here for the Celtic Sea [22] . This difference may reflect variable sources of 129 I in the Celtic Sea, where the north part was more influenced by the Irish Sea. Only few 129 I data are available in surface water of the western North Atlantic Ocean and they generally show lower concentration than the eastern Atlantic waters reported here for 2010 [15, 23, 24] . The source of the western North Atlantic 129 I is related to diluted Labrador Sea water mass (Table 1) . However, the Labrador Sea water mass generally moves as intermediate and bottom water, the major part of the 129 I signal may not appear in the surface water along the western North Atlantic, but at depth.
Conclusions
This study showed clear anthropogenic 129 I signals in the surface water along a transect from the North Sea to the Canary Islands with a large decline in the concentration along the southward direction of the transect. The source of the 129 I is strongly related to the releases from the La Hague nuclear reprocessing facility as also imprinted in the iodine species distribution and iodine isotopic ratios in the investigated marine surface water. Despite anthropogenic 129 I values several orders of magnitude higher than the preanthropogenic natural level, it seems that at present there is no direct radioactivity hazard. However, it is worthwhile to monitor 129 I concentration, particularly in the English Channel water, considering the continuous discharge of 129 I from the nuclear reprocessing facilities. 
